Mezoff EA, Hawkins JA, Ollberding NJ, Karns R, Morrow AL, Helmrath MA. The human milk oligosaccharide 2=-fucosyllactose augments the adaptive response to extensive intestinal resection. Am J Physiol Gastrointest Liver Physiol 310: G427-G438, 2016. First published December 23, 2015 doi:10.1152/ajpgi.00305.2015.-Intestinal resection resulting in short bowel syndrome (SBS) carries a heavy burden of long-term morbidity, mortality, and cost of care, which can be attenuated with strategies that improve intestinal adaptation. SBS infants fed human milk, compared with formula, have more rapid intestinal adaptation. We tested the hypothesis that the major noncaloric human milk oligosaccharide 2=-fucosyllactose (2=-FL) contributes to the adaptive response after intestinal resection. Using a previously described murine model of intestinal adaptation, we demonstrated increased weight gain from 21 to 56 days (P Ͻ 0.001) and crypt depth at 56 days (P Ͻ 0.0095) with 2=-FL supplementation after ileocecal resection. Furthermore, 2=-FL increased small bowel luminal content microbial alpha diversity following resection (P Ͻ 0.005) and stimulated a bloom in organisms of the genus Parabacteroides (log 2-fold ϭ 4.1, P ϭ 0.035). Finally, transcriptional analysis of the intestine revealed enriched ontologies and pathways related to antimicrobial peptides, metabolism, and energy processing. We conclude that 2=-FL supplementation following ileocecal resection increases weight gain, energy availability through microbial community modulation, and histological changes consistent with improved adaptation. short bowel syndrome; intestinal adaptation; human milk oligosaccharide; 2=-fucosyllactose INTESTINAL FAILURE DESCRIBES a state of insufficient enteral function in which the intestine cannot support normal fluid balance, electrolyte balance, and growth. When enteral nutrition cannot meet these needs, central venous access is required for daily hydration and nutrition. The presence of a central venous catheter and the use of parenteral nutrition results in significant morbidity, mortality, cost, and lower quality of life (35, 53, 54, 63) .
INTESTINAL FAILURE DESCRIBES a state of insufficient enteral function in which the intestine cannot support normal fluid balance, electrolyte balance, and growth. When enteral nutrition cannot meet these needs, central venous access is required for daily hydration and nutrition. The presence of a central venous catheter and the use of parenteral nutrition results in significant morbidity, mortality, cost, and lower quality of life (35, 53, 54, 63) . The most common cause of intestinal failure in the pediatric population is short bowel syndrome, due to extensive bowel resection (29) . Following resection, the remaining intestine undergoes a process of adaptation presumed to compensate for the loss of absorptive surface area and restore full enteral function (12, 43, 64) . Thus this process is the primary goal of intestinal rehabilitation as expeditious adaptation results in independence from central venous access and a reduction of its associated risks. Though the specific molecular mechanisms driving the adaptive response are not well understood, the major stimulus appears to be early enteral feeding (25, 60) .
Although no consensus exists to suggest whether polymeric or monomeric formula is best for children with short bowel syndrome, a consistent benefit has been observed for human milk (46) . Specifically, infants fed human milk achieve enteral autonomy sooner and with less morbidity than those fed formula (2, 32) . Many growth factors are exclusively present in human milk and have been studied in the context of bowel resection (15) . However, none have solely demonstrated clear and sustained improvement of the adaptive process, prompting investigation into other components of human milk (4) . Human milk oligosaccharides are carbohydrate polymers specific to human milk that may be nonnutritive yet able to modulate intestinal epithelial maturation and function by indirect mechanisms including affecting the microbiota (1, 31, 37, 65) . Thus they may be responsible for the improved adaptive response observed in infants fed human milk (2) .
2=-Fucosyllactose (2=-FL) is the most abundant oligosaccharide found in human milk and is not a component of infant formulas (10, 13, 23, 56) . The concentration of 2=-FL is ϳ2-3 g/l in milk produced by women with an active FUT2 gene allele, who are known as "secretors" (9, 26, 57, 58) . Not only has 2=-FL been shown in vivo to stimulate enterocyte maturation, but it has been shown to act in a prebiotic fashion, encouraging the growth of beneficial bacteria and discouraging the growth of pathogens (3, 31, 37, 65) . Though small quantities of 2=-FL may be detected in the blood stream of children receiving secretor milk, it is indigestible and not a caloric source for mammals (14, 28) . 2=-FL is attractive for further study to determine direct and indirect effects on the adaptive response to intestinal resection.
We have previously described a mouse model of adaptation following extensive ileocecal resection (ICR) (16) . This model demonstrated that murine adaptation is characterized histologically by unsustained increases in villus height and crypt depth. Long-term bowel dilation and lengthening also occur, resulting in a sustained increase in mucosal surface area. Indeed, the improved intestinal function occurring as a result of the adaptive process is observed in a return to preoperative weight following resection, then further gain. In addition to anthropomorphic and histological change, we have also described postoperative changes in the small bowel microbiome (17) . We observed a decrease in diversity and shift to a predominance of members of the Firmicutes phylum, specifically the Clostridiaceae family. Thus increased intestinal surface area and microbial community changes characteristic of the adaptive process following intestinal resection occur as weight, a robust marker of intestinal function, increases.
We aimed to examine the effect of 2=-FL supplementation on the adaptive response to ileocecal resection. Specifically, we described the effect of 2=-FL supplementation on a robust measure of adaptation following resection, weight change. We found supplementation with the noncaloric human milk oligosaccharide 2=-FL improved weight gain even before an impact on histological measures of adaptation was observed. Pursuant to mechanistic exploration, we further characterized the fecal microbiome and intestinal transcriptome at the site of resection. We conclude that 2=-FL supplementation augments the long-term adaptive response, not only by increasing mucosal surface area, but by augmenting microbial community shifts, which may improve food energy extraction.
MATERIALS AND METHODS
Male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) of 8 -10 wk of age were weighed and started on an exclusive polymeric formula diet 1 day prior to experiment start (Jevity 1 Cal, Abbott Nutrition, Columbus, OH). All mice were administered one dose of intraperitoneal Zosyn (at ϳ100 mg/kg) on experimental day 0. All animals were grouped by operation status and subgrouped into treatment and control arms (Table 1) . Liquid diet was refreshed and weights were obtained daily for 7 days, then all mice were transitioned to a standard chow diet with access to water. Animals in both groups were weighed every other day and taken to 21 or 56 days for experiment completion. All animal studies were approved by the Cincinnati Children's Hospital Medical Center Institutional Animal Care and Use Committee.
Operation status. Nonoperated animals were maintained as described above. Operated animals were taken to the operating room on experimental day 0 and underwent ICR as previously described (16) . Under the aid of an operating microscope and utilizing sedation with 2% isoflurane, a midline incision was made and the bowel was eviscerated. The ileocecal junction was identified and ϳ12 cm of ileum and cecum were resected. Resected small bowel tissue and luminal contents were collected as described below (Fig. 1) . Intestinal continuity was restored by end-to-end anastomosis and the abdomen was closed. ICR mice were then assigned to control or treatment subgroups, were administered analgesia with subcutaneous buprenorphine (0.05-0.1 mg/kg), and recovered overnight in a standard neonatal incubator warmed to ϳ38°C.
Control and treatment subgroups. Control (nonoperated) animals were maintained as described above. Beginning on experimental day 0, treatment animals were supplemented with 2=-FL (provided courtesy of Glycosyn, Medford, MA). 2=-FL was added to formula, then water to a final concentration of 2.5 g/l. Formula was refreshed daily and water every other day.
Intestinal tissue and small bowel contents preparation. Only weights were obtained from nonoperated control animals. Resected intestine from operated animals was measured for length then the site of small bowel transection was processed for small bowel contents, histology, and RNA. At the time of experimental completion, small bowel immediately proximal to the site of anastomosis was also harvested for small bowel contents, histology, and RNA from the operated group.
Luminal small bowel contents were expressed into AllProtect Tissue Reagent (Qiagen, Valencia, CA). Bacterial DNA was extracted by using the AllPrep DNA/RNA Mini Kit (Qiagen) according to kit instructions and prior to sequencing (described under 16S sequencing and analysis). Small bowel tissue samples for RNA were placed into 16S sequencing and analysis. Following bacterial community DNA extraction from harvested small bowel contents obtained from operated mice taken to 8 wk, samples were quantified using the Qubit ssDNA kit (Life Technologies). The V3 and V4 regions of the 16S gene were then amplified and tagged with region-specific primers (Illumina flowcell compatible sequences), permitting sequencing of up to 576 individual bacterial communities on the same flowcell (24) . Two positive and two negative controls were included in each run. FastStart Taq (41) kit (Roche Applied Science, Indianapolis, IN) was used for thermocycling, then equal volumes of each amplicon were pooled and cleaned with the QIAquick PCR cleanup column (Qiagen, MD). The size of library pools was then verified with the Fragment Analyzer CE (AATI, Ames, IA) and quantified with the Qubit highsensitivity dsDNA kit. Dilution to 1 nM and addition of PhiX V3 library (Illumina) was followed by denaturation and further dilution to 12 pM in Illumina's HT1 buffer. The pool was then loaded to the Illumina MiSeq V2 500 cycle kit cassette, a sample sheet was prepared, and the MiSeq run was initiated for FASTQ generation.
The 16S rRNA amplicon sequences were assembled and processed by use of an integrated, high-throughput analysis pipeline established at Cincinnati Children's Hospital Medical Center. Paired-end reads were assembled and quality filtered by using Pandaseq v2.8 (41) . Reads with ambiguous base calls, minimum overlap of 10 nt, or Ͻ425 nt were culled. Demultiplexing and removal of barcodes and primers were performed with the FastX-toolkit (47) . De novo clustering at 97% sequence similarity and chimera filtering was performed by using UPARSE v7 (21) . UCLUST, as implemented in QIIME v1.8, was used for taxonomic classification to the Greengenes v13.8 database (8, 20, 42) . PyNast and FastTree were used to align sequence reads and construct a phylogenetic tree (7, 49, 50) . Additional integrated analyses included QIIME scripts for the generation of alpha and beta diversity metrics, corresponding visualizations, and summaries and plots of taxonomic composition. Alpha and beta diversity metrics were computed after subsampling to the lowest observed read depth (n ϭ 7,793 reads).
To estimate the treatment effect on alpha diversity metrics adjusted for housing cohort, a generalized ANCOVA model was used. The Chao1, Shannon, Simpson, and Faith's Phylogenetic Diversity indexes were examined. Differences between groups in community composition posttreatment, as measured by the weighted and unweighted UniFrac metrics(39), were tested by permutational ANOVA as implemented by the ADONIS function in the R package vegan (45, 55) . Pseudo-F statistics were obtained from sequential sums of squares from 1,000 permutations of the raw data. Differences in the overall abundance of specific OTUs between treatment subgroups at harvest was tested by use of a negative-binomial model as implemented in the R package DESeq2 (38) .
RNA sequencing and analysis. Transcriptional analysis was carried out on resected and harvested small bowel samples obtained from operated mice taken to 8 wk. Murine RNA sequencing libraries were prepared from ϳ1.5 g RNA by using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA) and sequenced on the HiSeq 2000 Sequencing System (Illumina) with single-end 50-bp reads. Following removal of primers and barcodes, sequences were aligned to the mm10 genome by use of reference annotations from University of California, Santa Cruz (51) (n ϭ 36,186 entities). Aligned reads were quantified and used to compute reads per kilobase per million mapped reads; raw counts were then normalized by the DESeq algorithm and each harvested sample was baselined to its own resected sample. We applied a filter to the data, requiring at least three reads in all samples of at least one of the four experimental conditions (n ϭ 14,489 entities). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE72590 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE72590) (19) .
To characterize the impact of 2=-FL supplementation while accounting for the effect of ileocecal resection, we applied a t-test between resected and harvested samples within control and experimental animals. Significance was set at a P value of Յ0.05 and a fold change of 3, which generated 2,576 differentially regulated entities across two comparisons. Gene set unions and intersections of the control and experimental gene sets were identified through Venn diagram. From the master list, we removed the gene list specific to animals supplemented with 2=-FL to identify genes differentially regulated only by ICR (n ϭ 546 entities); this gene set characterizes the adaptive response. Furthermore, we identified the 2=-FL response (n ϭ 2,030 entities) by removing the adaptive response signature described above from the master list, leaving only genes regulated by 2=-FL supplementation after ICR which were not found in the nonsupplemented adaptive response. Heatmaps were generated by using hierarchical clustering with the Pearson's centered distance metric and the average linkage rule; both entities and samples were clustered. All genomic analyses described above were performed in Strand NGS (Strand Life Sciences, San Francisco, CA).
Gene list functional enrichment was initially discovered by using ToppFun, a member of the ToppGene Suite (11) . No statistical correction was selected. Gene lists were further analyzed by using ClueGO, a plugin for Cytoscape designed to decipher functionally grouped gene ontology and pathway annotation networks (5) . At the time of data analysis, the annotation files were updated from sources to January 1, 2015. "GO Term Fusion" was enabled to manage ontological term redundancy and network specificity was set to medium. Results were restricted to pathways with P Յ 0.05 by Benjamini-Hochberg correction and kappa scoring was set to 0.4. Biocyc annotations were assigned a rectangle, gene ontology biological processes were assigned an ellipse, and Wikipathway annotations were assigned a diamond shape. No meaning was assigned to size or color.
RESULTS
The median age (interquartile range) of operated mice at the time of ICR in the 21-day experiment was 93 days (93-94). In the 56-day experiment, mice were operated on at a median age of 76 days (72-77). The age of nonoperated mice in the 21-and 56-day experiments were 66 days and 79 days, respectively. There was no difference in age between control and 2=-FLsupplemented subgroups at each time point.
Weight change. The median weight (interquartile range) of operated mice at the time of ICR in the 21-and 56-day experiments were 23.2 (21.3-25.6) and 25.8 g (24.2-27.3), respectively. As expected, animals in both control and 2=-FLsupplemented ICR subgroups lost ϳ10% body weight during the first postoperative week. Both groups returned to their preoperative weight by 3-4 wk after ICR and continued to grow. Animals taken to harvest at postoperative day 21 demonstrated no significant weight difference between control and 2=-FL-supplemented subgroups (Fig. 2) . When taken to 56 days, animals supplemented with 2=-FL, compared with controls, demonstrated increased weight on and beyond postoperative day 21 ( Fig. 3) (P Ͻ 0.001). At 56 days, animals of the control and 2=-FL-supplemented ICR subgroups achieved 105 and 110% of preoperative body weight, respectively.
At the time of experiment start, the median weight (interquartile range) of nonoperated mice in the 21-and 56-day groups were 23.7 (21.8 -24.0) and 22.6 g (22.4 -24.2), respectively. Control and 2=-FL-supplemented nonoperative subgroups both gained an average of 108% body weight at 21 days [not significant (NS)]. When taken to 56 days after ICR, both groups had gained 117% body weight from study start (NS).
Histology. The histological measures of adaptation following ICR were augmented and prolonged with 2=-FL supplementation (Fig. 4) . The median baseline distal small bowel circumference was 5,041 m (4,981-5,739) and increased following ileocecal resection. Between postoperative days 21 and 56, bowel circumferences decreased from 8,643 (7, 413 ) to 7,491 m (6,146 -10,333), among the respective control ICR subgroups. Among the 2=-FL-supplemented subgroups, small bowel circumferences tended to increase from 7,133 (6,529 - Small bowel luminal microbiome. The microbiome of the small bowel luminal contents of operated animal subgroups at 8 wk were analyzed and relative abundance by experimental group displayed (Fig. 5) . We tested for differences in alpha diversity between control and 2=-FL-supplemented subgroups after controlling for housing cohort. We found a greater diversity of small bowel bacteria as measured by the Shannon Index among 2=-FL-supplemented animals compared with controls (P Ͻ 0.005) (Fig. 6A) . No differences were detected for the other alpha-diversity metrics examined. Nor were differences in the weighted or unweighted UniFrac metrics detected between 2=-FL-supplemented animals and controls posttreatment (P ϭ 0.143). Next, we determined the log 2 -fold change for 2=-FL-supplemented animals compared with controls, adjusted for housing cohort. Sequence reads were enriched among operated, 2=-FL-supplemented animals for a single OTU that could be classified to the genus Parabacteroides: OTU_146 (log 2 -fold ϭ 4.1, P ϭ 0.035). Parabacteroides was not detected in either study group at baseline, nor was Parabacteroides identified in the controls at follow-up (Fig. 6B) .
Transcriptional analysis of small bowel. RNA-sequencing analysis was performed in Strand NGS from resected and harvested tissues among those operated subgroups taken to 8 wk. Data were normalized by using the DESeq algorithm and harvested samples were baselined to their respective resected sample. We identified 2,576 differentially regulated entities (P value Ͻ0.05 and fold change Ͼ2) within control and/or experimental groups. Gene set unions and intersections of these groups were identified through Venn diagram (Fig. 7B) . A heatmap of all genes differentially regulated demonstrates an augmentation of the transcriptional directions appreciated among control animals when 2=-FL supplementation is considered (Fig. 7A) .
The adaptive response. The "adaptive response" refers to the genes differentially regulated by harvested to resected comparison in the control subgroup and represents 546 distinct entities (Supplemental Table S1 ; Supplemental Material for this article is available online at the Journal website). Among the upregulated entities of the adaptive response (n ϭ 154), ontologies pertaining to metabolic processes/metabolism were most salient, including glutathione derivative biosynthetic processes (P ϭ 5.0EϪ07), organic acid metabolic processes (P ϭ 3.4EϪ06), cellular modified amino acid metabolic processes (P ϭ 6.9EϪ06), carboxylic acid metabolic processes (P ϭ Enterobacteriaceae were the most abundant taxa among preoperative samples and decreased following resection in both groups though a greater decline was observed among 2=-FL-supplemented animals. A relatively larger bloom in Lachnospiraceae was also observed in this group. Fig. 6 . Analysis of small bowel luminal contents at 56 days after ileocecal resection among control (n ϭ 4) and 2=-FL-supplemented (n ϭ 6) animals. A: 2=-FL supplementation resulted in greater alpha diversity by Shannon diversity index (*P Ͻ 0.005). B: sequence reads classified to the genus Parabacteroides were enriched by 2=-FL supplementation (log2-fold ϭ 4.1, P ϭ 0.035) but not detected in control animals after resection.
2.7EϪ05), purine deoxyribonucleoside metabolic processes (P ϭ 1.1EϪ04), hormone metabolic processes (P ϭ 0.001), metabolism (P ϭ 2.7EϪ08), fatty acid metabolism (P ϭ 3.0EϪ07), and glutathione metabolism (P ϭ 5.7EϪ07), among others. Furthermore, ontologies indicating a response to a shifting microbial community were discovered, including regulation of multiorganism processes (P ϭ 1.4EϪ04), response to external biotic stimulus (P ϭ 0.001), and response to other organism (P ϭ 0.001). Insulin-like growth factor signaling and purine salvage pathways (P ϭ 0.002 and P ϭ 0.003, respectively) were also discovered. Of the upregulated entities, the most strongly upregulated genes of the adaptive response include Among the downregulated entities (n ϭ 392), ontologies pertaining to the regulation of cellular developmental processes were most salient, including cell development (P ϭ 7.75EϪ09), regulation of developmental process (P ϭ 2.78EϪ08), and regulation of cell development (P ϭ 3.54EϪ07). Other, tissue-specific ontologies related to development include vasculature development (P ϭ 8.05EϪ06), brain development (P ϭ 4.92EϪ06), cardiovascular development (P ϭ 1.74EϪ05), and striated muscle development (P ϭ 1.32EϪ04). Ontologies related to neural function and generation were also discovered, including neurogenesis (P ϭ 8.70EϪ09), synaptic transmission (P ϭ 2.77EϪ07), neurotransmitter secretion (P ϭ 3.73EϪ06), and axonogenesis (P ϭ 8.62EϪ06). Finally, MAPK signaling was discovered, including the MAPK cascade (P ϭ 2.16EϪ06) and regulation of the MAPK cascade (P ϭ 4.53EϪ06) and may be related to codiscovered, downregulated entities including "positive regulation of epidermal growth factor receptor signaling" (P ϭ 3.55EϪ05) and "positive regulation of the ERBB signaling pathway" (P ϭ 4.53EϪ05). Of the downregulated entities, the most strongly downregulated genes of the adaptive response include Dhp (FC ϭ Ϫ93.1), Gm129 (FC ϭ Ϫ20.1), Bex1 (FC ϭ Ϫ13.9), Hlf (FC ϭ Ϫ13.0), and Abca1 (FC ϭ Ϫ11.9).
Cytoscape's ClueGO application was used to generate nonredundant, functionally grouped gene ontology and pathway annotation networks based on the up-and downregulated gene set of the Adaptive Response (Fig. 8) . Importantly, all discovered entities are described. The ClueGO network underscored the importance of multiorganism processes and retinoid metabolic processes in the adaptive response, and further highlighted xenobiotic metabolic processes and sodium ion transport. 
2=-FL signature response.
Those genes differentially regulated following ICR in animals supplemented with 2=-FL, less the adaptive response observed in the control group, included 2,030 entities. Among the upregulated entities (n ϭ 783) (Supplemental Table S1 ), ontologies pertaining to energy presence and processing were most salient, including electron transport chain (P ϭ 1.87E-35), cellular respiration (P ϭ 4.53E-30), mitochondrial ATP synthesis coupled electron transport (P ϭ 2.67E-20), generation of precursor metabolites and energy (P ϭ 3.01E-20), energy derivation by oxidation of organic compounds (P ϭ 4.26E-20), and organic cyclic compound catabolic process (P ϭ 1.10EϪ08). Also discovered were ontologies suggesting host-microbial interaction, including multiorganism metabolic process (P ϭ 1.59E-22), symbiosis, encompassing mutualism through parasitism (P ϭ 1.47E-13), interspecies interaction between organisms (P ϭ 1.47E-13), multiorganism cellular process (P ϭ 8.20E-13), and mucosal immune response (P ϭ 1.40EϪ06). Finally, ontologies involving biosynthetic processes were discovered, including sterol biosynthetic process (P ϭ 6.22EϪ08), cholesterol biosynthetic process (P ϭ 1.76EϪ07), and various nucleoside biosynthetic processes. Of the upregulated entities, the most strongly upregulated genes of the 2=-FL signature response were Tmem202 (FC ϭ 18.0), Map3k12 (FC ϭ 16.2), Hemt1 (FC ϭ 15.4), Mcpt2 (FC ϭ 13.4), and Fmr1nb (FC ϭ 12.7).
Among the downregulated entities of the 2=-FL signature response (n ϭ 1,247), similar ontologies to those downregulated in the adaptive response were strongly present. These included neurogenesis (P ϭ 7.34E-20), regulation of developmental process (P ϭ 5.83E-18), cardiovascular system development (P ϭ 2.91E-17), circulatory system development (P ϭ 2.91E-17), and axonogenesis (P ϭ 7.60E-16). Furthermore, regulation of development at a cellular level was observed, with ontologies including cell development (P ϭ 2.76E-20), cell morphogenesis involved in differentiation (P ϭ 1.96E-18), epithelial development (P ϭ 2.78E-13), epithelial tube morphogenesis (P ϭ 7.39E-13), cell junction assembly (P ϭ 2.60EϪ09), and cellular response to growth factor stimulus (P ϭ 4.30EϪ09). Finally, ontologies relevant to control over cell cycle were discovered, including regulation of Ras protein signal transduction (P ϭ 1.50E-11) and positive regulation of Ras GTPase activity (P ϭ 1.69E-10). Related to this theme were ontologies including positive regulation of cellular biosynthetic process (P ϭ 1.34E-11) and regulation of nucleotide metabolic process (P ϭ 3.41E-11). Of the downregulated entities, the most strongly downregulated genes of the 2=-FL signature response were Fgf15 (FC ϭ Ϫ64.6), Irs2 (FC ϭ Ϫ43.6), Ttc28 (FC ϭ Ϫ24.2), P2ry4 (FC ϭ Ϫ22.2), and Rnf150 (FC ϭ Ϫ20.4).
To determine all nonredundant, functionally grouped gene ontology and pathway annotation networks based on the gene set of the upregulated 2=-FL signature response, Cytoscape's ClueGO application was used (Fig. 7C) . The ClueGO networks discovered underscored the importance of energy processing with ontologies and pathways related to the electron transport chain, oxidative phosphorylation, and protein targeting to the mitochondrion. Furthermore, sterol biosynthesis was discovered. As expected, ontologies involved in the mucosal immune response were also upregulated. When ClueGO was used to generate networks based on the downregulated 2=-FL signature response, ontologies and pathways relating to the IL-7 signaling pathway, positive regulation of Rho GTPase activity, and cell adhesion were discovered (data not shown).
DISCUSSION
2=-Fucosyllactose, the dominant human milk oligosaccharide produced by women who are FUT2 secretors, augments the sustained adaptive response to extensive intestinal resection in mice. We found that operated animals supplemented with 2=-FL gained more weight than control animals, a robust marker of intestinal function. Furthermore, we observed a prolonged but characteristic morphometric adaptive response among supplemented animals though differences were found only after the point of weight divergence, suggesting additional sources of improved growth. 2=-FL buffered microbial changes previously observed after resection, which may have been the stimulus for transcriptional activity most heavily supporting increased energy utilization among supplemented and resected animals. We conclude that supplementation with 2=-FL, an indigestible and noncaloric prebiotic, increases weight gain following ileocecal resection by increasing energy availability through microbial community modulation and directly or indirectly stimulating characteristic histological changes ultimately resulting in improved adaptation. We note this difference among secretor animals capable of decorating their intestinal epithelium with the 2=-FL analog, H-antigen, highlighting the impact of supplementation.
The impact of 2=-FL on weight gain only occurred after ICR, supporting the conclusion of augmented adaptation following intestinal resection over an independent effect on weight. This observation has been supported both when comparing control and 2=-FL-supplemented healthy human infants who did not demonstrate differential weight gain as well as in mechanistic studies demonstrating improved growth following physiological stress among secretor mice (40, 48) . Thus 2=-FL seemed to buffer against the stress of intestinal loss while exhibiting little to no effect on weight without insult.
Supplementation with 2=-FL augmented the adaptive increase in absorptive surface area through sustained increases characteristic morphometric markers of gut adaptation. Independently, crypt depth was significantly greater among supplemented animals on postoperative day 56. Furthermore, should the trend observed in villus height represent a true difference, even this modest difference would translate to a significant increase in absorptive surface area in three dimensions. Control and supplemented animals taken to postoperative day 21, the point of weight divergence between both subgroups, were anticipated to experience a greater difference in these measures. This was not so, suggestive of a separate process responsible for the early weight divergence.
Studies of intestinal loss and associated physiological stress reveal a marked decline in alpha diversity, which has been associated with poor adaptation as measured by delayed weaning from parenteral nutrition (22, 34) . Our model of adaptation to massive intestinal loss also induces dysbiosis (17) . Solutions for buffering or reversing this dysbiosis may improve adaptation and are highly sought in the treatment of short bowel syndrome. One potential solution is 2=-FL supplementation. Secretor status is a key driver of intestinal microbial community composition, where the ability to secrete H antigen or the availability of the H antigen analog, 2=-FL, supports increased community diversity and bolsters microbiota during times of stress (36, 48, 62, 65) . We report that 2=-FL supplementation after intestinal resection resulting in massive intestinal loss results in increased gut microbial diversity occurring with improved adaptation.
In this study, we also found a bloom in microbes of the genus Parabacteroides (Ͼ4-fold increase among supplemented, resected animals compared with controls). Though the body of literature surrounding this genus is scant, their differential presence may impact both a mucosal inflammatory response to resection and the abundance of available energy to the host. These bacteria have not only been found in higher proportions comparing noninflamed with inflamed enteric samples, but a lysate containing the membranous fraction has been observed to protect from DSS-induced murine colitis (33, 59, 66) . A robust and direct interaction between the organism and innate and adaptive immunomodulatory mechanisms occurs, suggesting a rational mechanism of interaction of cellular processes involved in the adaptive response (33) . Furthermore, this genus readily ferments indigestible carbohydrates, converting them to beneficial and available organic acids, providing a possible explanation for the growth advantage observed among supplemented animals supporting a bloom in this organism (6) .
As expected, the transcriptional analysis of the late adaptive response is characterized by a release of developmental progression pathways and engagement of ontologies involved in diverse metabolic processes. Transcription of the 2=-FL signature response engages many cellular components responsive to energy presence and processing demands, in support of the presumed increase in energy availability among operated animals supplemented with 2=-FL. Furthermore, ontologies relating to energy derivation by oxidation of organic compounds were discovered: the processes by which short-chain fatty acids are converted to energy after undergoing largely passive intra-cellular diffusion (27) . We imply improved energy availability with 2=-FL supplementation among resected animals, likely through short-chain fatty acid production. Indeed, a clear increase in short-chain fatty acid and lactate production, sources of mucosal energy, is observed when 2=-FL is added to in vitro infant fecal samples (65) .
The study faces several important limitations, primarily related to the challenges of modeling intestinal resection. Owing to the model complexity, animal numbers were limited, which restricted power in statistical analysis and modeling. Furthermore, animal fragility during the acute postoperative recovery period prevented animal separation and mixing, resulting in subtle differences in resected microbial community composition and an inability to perform feeding efficiency measures. Finally, C57BL/6 animals are all FUT2 positive, hence all animals studied produce H antigen on gut mucosal surfaces. 2=-FL is an analog of the H antigen, and thus differences observed first overcame the effect of physiological H antigen presence among all resected animals. We speculate that individuals lacking H antigen on gut mucosal surfaces may benefit more greatly from 2=-FL supplementation. We also speculate that the effect observed is not specific to 2=-FL but may be seen with other indigestible prebiotic carbohydrates. Notably, carbohydrates historically used as controls, such as inulin, maltodextrin, and galactooligosaccharides, exhibit a prebiotic effect or contribute to overall energy balance (18, 30, 44, 52, 61) . Thus no control carbohydrate was provided to reduce the chance of type 1 or type 2 error.
Enhancing the adaptive response is vitally important to improving health and cost outcomes following extensive intestinal resection. We demonstrate augmentation of adaptation with a naturally occurring prebiotic safe for human consumption. Further studies in this model evaluating 2=-FL supplementation and withdrawal, the dose-effect relationship, and outcomes among secretor and nonsecretor animals are needed. Additionally, studies of 2=-FL safety and effectiveness after intestinal resection in humans are needed to support a clinical role. Determining the impact of secretor status on human adaptation may identify a substantial subgroup to benefit most from 2=-FL supplementation. Finally, efforts to understand and modulate gut microbial community changes following intestinal resection promise novel treatment paradigms that may help improve the lives of children suffering from short bowel syndrome.
